A severe coagulopathy is a life-threatening complication of acute promyelocytic leukemia (APL) and is ascribable mainly to the excessive levels of tissue factor (TF) in APL cells regulated in response to the promyelocytic leukemia/retinoic acid receptor α (PML/RARα) fusion protein. The underlying molecular mechanisms for this regulation remain ill-defined. With U937-PR9 cell lines stably expressing luciferase reporter gene under the control of different mutants of the TF promoter, both luciferase and ChIP data allowed the localization of the PML/RARα-responsive sequence in a previously undefined region of the TF promoter at position −230 to −242 devoid of known mammalian transcription factor binding sites. Within this sequence a GAGC motif (−235 to −238) was shown to be crucial because deletion or mutation of these nucleotides impaired both PML/RARα interaction and promoter transactivation. However, EMSA results showed that PML/RARα did not bind to DNA probes encompassing the −230 to −242 sequences, precluding a direct DNA association. Mutational experiments further suggest that the activator protein 1 (AP-1) sites of the TF promoter are dispensable for PML/RARα regulation. This study shows that PML/ RARα transactivates the TF promoter through an indirect interaction with an element composed of a GAGC motif and the flanking nucleotides, independent of AP-1 binding.
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transcription | regulation | GAGC motif | acute promyelocytic leukemia | coagulopathy T hrombohemorrhagic complications are frequent in patients with hematological malignancies (1) , and hemorrhage is a major cause of morbidity and mortality in patients with acute leukemia (2, 3) . In particular in acute promyelocytic leukemia (APL), up to 90% of patients present with hemorrhagic complications at diagnosis, and fatal hemorrhage develops in ≈10-20% of these patients (4, 5) . The bleeding diathesis is thought to result from disseminated intravascular coagulation triggered by the procoagulant activities such as tissue factor (TF) produced by APL leukemic cells (6) . Treatment of APL patients with all-trans retinoic acid (ATRA) or arsenic trioxide produces a high rate of complete remission, together with a down-regulation of TF expression which usually precedes a rapid resolution of the coagulopathy (7) (8) (9) .
TF, a 47-kDa membrane-bound glycoprotein that initiates the blood coagulation cascade (10) , is constitutively expressed on the surface of most nonvascular cells. Inducible expression of TF triggers intravascular clotting activity associated with various diseases such as sepsis, atherosclerosis, and cancer (3). Constitutive expression of the TF gene is maintained mainly by transcription factor Sp1, whereas the inducible TF expression appears to be regulated via transcription factors activator protein 1 (AP-1), NF-κB, and early growth response factor 1 (11) (12) (13) . Nevertheless, knowledge regarding the mode and the mechanisms for the regulation of TF gene in response to promyelocytic leukemia/retinoic acid receptor α (PML/RARα) remains incomplete.
APL is a unique subtype of acute myeloid leukemia characterized by the generation of the PML/RARα fusion gene as a result of a reciprocal chromosome translocation with breakpoints within the RARα gene and the PML gene. In hematopoietic precursor cells, PML/RARα disrupts RARα function in a dominant negative manner by recruiting the nuclear corepressor-histone deacetylase (HDAC) complex with a higher affinity and thus induces differentiation blockade of hematopoietic precursors at the promyelocytic stage (14) . The PML moiety of the fusion protein also is implicated in transcription regulation by interacting with important molecules such as retinoblastoma protein through blocking its interaction with HDAC (15) or Daxx regulated by sumoylation at K160 site (16) . However, the regulatory mechanisms for PML/RARα in TF expression in APL cells remain largely unknown.
Previous work (17) has established that the TF promoter is constitutively active in the promyelocytic NB4 cells and undergoes a down-regulation with ATRA treatment dependent on its proximal −383 to +121 bp. Thus it is possible that PML/RARα might regulate the expression of TF through an interaction with the TF promoter in a region proximal to −383. However, it is still unclear whether PML/RARα can bind to TF promoter and which nucleotides of the promoter are involved in PML/RARα-TF promoter interaction. More detailed analysis of the precise molecular mechanisms for the regulation of TF expression by PML/ RARα will facilitate the efforts to access the molecular etiology of the coagulopathy in APL and to improve understanding of the PML/RARα action.
ATRA can reduce the level of PML/RARα in NB4 cells, but whether it interferes directly with the expression of TF without the involvement of PML/RARα is yet unknown. The monoblastic cell line U937 constitutively expresses TF, and this expression is markedly increased when the cells are transfected with PML/ RARα fusion gene (17) , suggesting that the fusion protein is involved in the regulation of excessive TF expression in U937 cells. U937-PR9 is a subclone of U937 cells stably transfected with the PML/RARα cDNA under the control of a zinc-inducible promoter and thus expresses PML/RARα only in the presence of zinc Author contributions: S.C., Z.C., and X.X. designed research; J.Y., K.W., L.D., H.L., and W.C. performed research; J.Y., K.W., L.D., H.L., W.X., Q.D., N.K., J.P.C., S.C., and X.X. analyzed data; and S.C., Z.C., and X.X. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0915006107/DCSupplemental. (18) . Application of this cell model allows investigation of the bona fide roles of PML/RARα in regulation of TF expression by switching the PML/RARα gene transcription on and off.
In this study, we examined whether the expression level of PML/RARα per se regulates the TF promoter in U937-PR9 cells and defined the molecular interaction that is involved in this process. In addition, the use of the recombinant mutation strategies in luciferase reporter and ChIP assays allowed us to map the nucleotide sequences in the TF promoter critical for mediating PML/RARα interaction upon transactivation of the promoter.
Results
Interaction of PML/RARα with the TF Promoter During Up-Regulation of TF Expression. Equilibrated by pRL-SV40 activity, transfection of wild-type PML/RARα in U937 cells enhanced the TF gene transcription in contrast to a significant inhibition caused by the PML/RARαΔCC mutant. Interestingly, PML/RARαΔR still was able to elicit a substantial increase of TF gene transcription (Fig.  1A) . Fig. 1B shows a sustained increase of TF gene transcription in U937-PR9 cells in response to zinc induction. ChIP experiments revealed that the genomic DNA fragments containing the TF promoter precipitated by both anti-PML and anti-RARα antibodies were strikingly enhanced in the presence of ZnSO 4 ( Fig. 1C) , clearly demonstrating that the zinc-inducible PML/ RARα, as evidenced by Fig. 1D , is able to interact with the TF promoter. In luciferase experiments, the U937-PR9 cells bearing the full-length TF promoter (−2174) showed increased luminescence in response to zinc induction ( Fig. 2A ) along with the PML/RARα expression (Fig. 2B ). These data indicate that PML/ RARα transactivates the TF promoter in U937-PR9 cells.
Localization of the PML/RARα-Responsive Sequences Within the TF
Promoter. U937-PR9 cells stably expressing luciferase reporter gene under the control of 5′ flanking regions of TF promoter were tested (Fig. 2C ). In the presence of ZnSO 4 luciferase activities were increased in U937-PR9 cells bearing the TF promoters truncated at or more distal to the −247 position, whereas the truncations at −229, −216, and −201 resulted in a failure of response to PML/RARα (Fig. 2D) , suggesting that the sequence −247 cagctccgcgctcggtgg
in the TF promoter serves as the responsive region during PML/ RARα-induced activation. In contrast, luciferase expression controlled by the −247-truncated TF promoter in U937-MT cells remained unaltered ( Fig. 2D ; −247*), indicating that ZnSO 4 alone may not transactivate the TF promoter.
With a modified ChIP protocol (Fig. 2E ) that allows exclusive amplification of the plasmid-delivered TF promoters, an unequivocal enrichment of the TF promoter sequence was achieved in anti-RARα antibody-precipitated materials from cells expressing truncated promoter at −247 treated with ZnSO 4 but not in those from −229 and −216 mutants (Fig. 2F ). These ChIP data are consistent with the luciferase activities in these promoter mutants. The expression of PML/RARα in these cells was monitored in parallel experiments (Fig. 2G ). Alignment data (Fig. 3A) further showed that the sequence
cagctccgcgctcggtgg −230 contains a motif (−242 to −232) highly homologous to the Drosophila GAGA motif with a GCTC core from −238 to −235. In an attempt to identify the critical nucleotides within this region, several mutations, including truncations at −242 or −238 and deletion or substitution mutations, were introduced into the −247 luciferase reporter vector (Fig. 3B ). After stable transfection, luciferase experiments showed that the −242-truncated TF promoter was still transactivated in response to PML/RARα, but the −238 truncation was not (Fig. 3C) . Furthermore, deletion of GCTC (GAGC, complementary strain) sequence (Δ−238∼−235) or replacement of the nucleotides CTC with AAA (M−237∼−235) shifted the promoter from active to inactive status (Fig. 3C ). In line with the promoter activity, ChIP results (Fig. 3D ) demonstrated a failure of the mutant TF promoters with truncation at −238 and deletion or substitution mutations of the GAGC sequence in interacting with PML/RARα. In Western blot, all cell lines exhibited a comparable level of PML/RARα expression in response to zinc induction (Fig. S1 ).
Interaction of PML/RARα with the Regulatory Region of TF Promoter in an Indirect Manner. Given the evidence showing that PML/ RARα interacts with the TF promoter via a region proximal to the −247 position, we chose to explore further the molecular basis for this interaction. In EMSA, nuclear extracts of the U937-PR9 cells with or without zinc induction showed no band shift with the −250∼−224 probe, but the substantial signals in the sampling wells suggested the formation of large complexes unable to enter the gels (Fig. 4A Left) . On the other hand, the −232∼−211 and −216∼−196 probes yielded bands with U937-PR9 nuclear extracts (Fig. 4A Middle and Right). "Super shift" with antibodies specific for c-Jun and JunD (Fig. S2) confirmed the specificity of AP-1-proximal (AP-1p) for the shift band.
Regulatory factors are known to interact with promoters either directly by binding to DNA or indirectly by forming complexes with partner molecule(s), and ChIP assays reveal the interaction of proteins with promoters regardless which mode is involved. To clarify whether PML/RARα can bind directly to the regulatory regions of TF promoter, in vitro translated PML/RARα and RARα proteins were employed in EMSA. As depicted in Fig. 4B , the −250∼−224 probe containing the PML/RARα regulatory motif did not bind either PML/RARα or wild-type RARα, nor did the −229∼−199 probe encompassing both AP-1 distal (AP-1d) and AP-1p sites, indicating that neither PML/RARα nor RARα directly binds to the TF promoter. In contrast to the −250∼−224 and −229∼−199 probes, the DR5 oligonucleotide containing a canonical retinoic acid response element (RARE) did bind PML/RARα. The expression of PML/RARα or wild-type RARα protein in the EMSA samples was monitored by Western blot (Fig. 4C) . The EMSA results invoke a model whereby PML/ RARα interacts with the TF promoter in an indirect manner.
Dispensability of the AP-1 Sites for PML/RARα-Induced Transactivation of TF Promoter in U937-PR9 Cells. To test whether the PML/RARα-mediated regulation of TF expression relies on the AP-1 sites, mutations were introduced into the −232∼−211 and −216∼−196 probes to remove their ability to bind AP-1 proteins. Indeed, both probes failed to bind the proteins, in contrast to the wild-type probes that did produce shift bands (Fig. 4D) . The same AP-1p and AP-1d mutations also were introduced simultaneously into the −247 luciferase reporter vector (M-AP-1dp) and transfected into the U937-PR9 cells. Fig. 4E shows that the TF promoter with mutated AP-1 sites still could induce an enhancement of luminescence of sufficient magnitude to account for an unimpaired potential of the promoter. In ChIP analysis, as expected, a significant enrichment was achieved with anti-RARα antibody that parallels the luciferase results (Fig. 4F) . Data indicate that mutation of the AP-1 sites did not impair PML/RARα-mediated TF promoter transactivation and further suggest that the AP-1 sites should be dispensable for this regulation.
Discussion
The present work provides insights into the molecular basis for the regulation of the TF expression by PML/RARα. First, PML/ RARα up-regulates TF expression through interactions with the TF promoter, most likely using the protein-protein interaction domain of the PML moiety. Second, the −230∼−242 sequence of the TF promoter, or more accurately the −235∼−238 sequence and the flanks, are critical for the interaction with PML/RARα and the promoter transactivation. Third, PML/RARα does not bind directly to the TF promoter but most likely forms a complex with it through intermediary/partner molecules. Last, TF promoter with mutated AP-1 sites remains fully active in response to PML/RARα in either the promoter transactivation or in the fusion protein interaction. It is likely, therefore, that the unique regulatory pathway elucidated in this study may contribute to the specific regulation of the aberrant TF expression and its pathological consequences in APL.
Even based on the less stringent criteria (19) , the human TF promoter contains no potential PML/RARα binding site, providing an additional argument that PML/RARα interacts with the TF promoter through an indirect mechanism. This perception is reinforced by the observations that the PML/RARαΔR does not reduce the TF gene transcription significantly (Fig. 1A) and that the oligonucleotide probes encompassing the PML/ RARα-interacting sequences do not recognize PML/RARα (Fig.  4 A and B) . The ΔCC version of PML/RARα was much less efficient in inducing transactivation (Fig. 1A) , suggesting that the protein-protein interaction through PML, possibly including the PML/RARα homodimerization, is critical for PML/RARα in regulating the transcription. These observations establish the importance of the indirect mode by which PML/RARα induces the transcription of target genes via protein-protein interaction with intermediary protein(s) but not direct DNA binding. Our data are consistent with a recently published study that described a gain-of-function for PML/RARα in transactivating the inhibitor of differentiation-1 and -2 promoters following ATRA treatment through an indirect interaction mediated by the Sp1 transcription factor (20), despite the agonist-independent feature of the PML/RARα-induced TF promoter transactivation. Métivier and coworkers (21) proposed a mode for the transcription of an estrogen receptor-α target gene in which as many as 46 transcription factors associate with the promoter to assemble a transcriptionally productive complex. In our study the ChIP assays confirmed the interaction of PML/RARα with the TF promoter (Figs. 1C, 2F, 3D , and 4F), whereas the EMSA results ruled out the possibility of direct binding and suggested the formation of large complexes (Fig. 4A Left) . Thus, present data point to a mechanism in which PML/RARα transactivates the TF promoter by forming complexes mediated by partner proteins binding to the promoter. In luciferase assays PML/RARα induced a moderate but reproducible TF promoter transactivation in U937-PR9 cells indicating that, in line with the previous report (22) , the extent of transactivation does not necessarily reflect the functional importance of the regulation. Moreover, the magnitude of the promoter transactivation in this work corroborates the results in a published study, in which U937-PR9 cells stably transfected with native promoter constructs that usually lead to moderate levels of transactivation (23) also were used (17) . The conventional ChIP protocols cannot localize the target sequences precisely and are not applicable to the recombinant mutational analysis. In stably transfected cells the exogenous constructs are integrated into the genome that can be immunoprecipitated in ChIP (24) . In our experiments the chromosomal integration of the TF promoter reporter constructs into the host-cell genome resulted in different activity states because of the different interactions between the promoters and PML/RARα. Thus, ChIP with PML/RARα for the exogenous TF promoters (Fig. 2E ) in these cells revealed the PML/RARα interaction with the promoters paralleling the reporter activity.
w?>Previous evidence suggested that liganded RARα is able to repressAP-1-mediatedtranscription (25) .Incontrast,PML/RARα stimulates AP-1-dependent transcription in the presence of ligand, and, notably, unliganded PML/RARα inhibits AP-1-dependent transcription (26) .ThepresentstudyshowsthattheTFpromoterwas transactivatedbyPML/RARαwithouttheinductionofligand. These data led us to hypothesize that there is a signaling pathway other than the AP-1-dependent pathway and prompted us to examine the role of the AP-1 sites in PML/RARα-regulated TF promoter transactivation. As expected, mutated AP-1 sites resulted in a loss of AP-1 protein binding (Fig. 4D) . Interestingly, these mutations did not render the TF promoter incapable of responding to PML/ RARα either in transactivation or in molecular interaction in ChIP (Fig. 4 E and F) . Our results thus preclude a scenario in which the AP-1 sites play an indispensable role in PML/RARα-regulated TF expression and define a regulatory pathway with which PML/RARα per se transactivates the TF promoter.
The nucleotides −230 to −242 of the TF prompter contain no putative mammalian transcription factor binding site. However, computational analysis of this sequence shows a high homology to the putative Drosophila melanogaster GAGA motif (Fig. 3A) . In Drosophila the GAGA-binding factor (GAF) is required for the expression of a wide range of genes through activating the RNA polymerase II transcription (27) . The very limited information concerning the GAGA element in mammals indicates that the GAGA motif also might be involved in gene transcription regulation. Mutation of the GAGA sites on the rat CD44 promoter resulted in a decrease of the promoter transactivation in COS-7 cells (28) . Introduction of the anti-Drosophila GAF antibody into the mouse embryos caused a suppression of the transcriptional activation of the hsp70 promoter (29) , indicating that the murine GAF might be structurally related to the Drosophila factors. The present study also suggests that the motif with a GAGA(C) core in human TF promoter is essential to PML/RARα-mediated transactivation ( Fig. 3 C and D) and provides a plausible explanation for the roles of the hypothetical mammalian GAF. Our proposed model, illustrated in Fig. 3E , underscores the complexity of the mechanism of action of PML/RARα in TF up-regulation and highlights the need for further identification of the PML/RARα binding partners to understand fully the molecular basis for PML/ RARα-regulated TF expression.
Materials and Methods
Cell Lines. The U937-PR9 cell line expressing PML/RARα under the control of the zinc-inducible MT promoter and the mock-transfected cell line U937-MT were kindly provided by P. G. Pelicci (Perugia University, Perugia, Italy).
Plasmids. The plasmids pSG5-PML, pSG5-RARα, and pSG5-PML/RARα have been described previously (30) . The PML/RARα mutants encoding PML/ RARαΔR (with a deleted RARα DNA binding domain) or PML/RARαΔCC (lacking the coiled-coil protein-protein interaction domain of PML) were created by using the SauI and BstE2 sites of RARα and the BssHII sites of PML, respectively. For construction of the luciferase reporter vectors, a series of the sequences with different 5′ flanking regions of the TF promoter were PCRamplified from human genomic DNA with primers as indicated (Table S1 ) and inserted into the multicloning site of the pGL4.15 (Luc2P/Hygro) plasmid (Promega) (Fig. 2E) . Plasmids M-AP-1dp in which both AP-1d and AP-1p sites were mutated (Δ−238∼−235, M−237∼−235) were made by site-directed mutagenesis (Stratagene) based on the plasmid pGL4-247 (Fig. 3B) . The correctness of all of the mutant plasmids was confirmed by DNA sequencing.
Cell Transfection. U937 cells were electroporated with the plasmid constructs cotransfected with the pRL-SV40 vector (Promega) to calibrate the transfection efficiency. To establish the stable cell lines, transfected U937-PR9 cells were selected with hygromycin B (Calbiochem). Cells were subcloned and selected by increased luciferase activity in response to lipopolysaccharide (LPS) (Sigma) (17) . In this study, data reported for each stable cell line represent at least three clones.
RT-PCR. The cDNAs were synthesized from total RNA extracted from the cells. PCR was performed with primers for PML/RARα, TF, and GAPDH (Table S2) .
Luciferase Assays. Cells (2 × 10 5 ) treated with LPS or ZnSO 4 for 8 h were lysed with passive lysis buffer (Promega), and untreated cells were used as control. Firefly luciferase activity was measured, and all experiments were performed in triplicate on three independent occasions.
Nuclear Extracts and in Vitro Protein Translation. Nuclear extracts were prepared as described previously (31) . PML/RARα and RARα proteins were synthesized in vitro with pSG5-RARα and pSG5-PML/RARα as DNA templates according to the manufacturer's protocol (Promega).
Western Blot Analysis. PML/RARα, RARα, and lamin B were detected with antibodies against RARα (Santa Cruz) and lamin B (Santa Cruz).
EMSA. The oligonucleotide probes spanning the TF promoter regulatory regions (−250 to −196) and a control DR5-type RARE probe (31) were synthesized (Table S3) . EMSA was performed as described in manufacturer's protocol (Amersham). Probes end-labeled with [γ-32 P] dATP (Amersham)
were incubated with 10 μg nuclear extracts or 5 μg protein produced by in vitro translation. The protein-oligonucleotide complex was separated on 4.8% nondenaturing polyacrylamide gels.
ChIP. ChIP was performed using the ChIP-IT kit (Active Motif) according to manufacturer's specifications. Cells were crosslinked with 1% formaldehyde and lysed by SDS lysing buffer. Cross-linked chromatin was sonicated to fragments with an average size of 400-600 bp and immunoprecipitated with antibodies against RARα or PML (Santa Cruz) and preimmune serum (Active Motif). The PCR primers included forward primer 5′-cgtctctcaaggataagtaa-3′, based on the sequence of pGL4.15 vector, and reverse primer 5′-
185
-3′, compatible with TF promoter sequences (Fig. 2E ).
